SUMMARY Dyadic junctional couplings between cardiac sarcoplasmic reticulum (SR) and plasma membrane presumably are implicated in release of Ca 2+ from terminal cisterns of SR during excitationcontraction coupling. We measured the areas of SR and plasma membrane involved in such couplings in late embryonic and neonatal rabbit left ventricles during a developmental period characterized by rapid cell growth and rapid accumulation of myofibrils. By morphometric methods previously applied to adult hearts, it could be shown that from the inception of the nascent T-system the surface density of dyadic couplings at T-tubular plasmalemma exceeds by about four-fold that at the external plasmalemmal envelope. Before the development of a T-system (-10 days after birth) surface density of dyads, as well as total dyad areas per unit cell volume and per unit myofibrillar volume, increase progressively during embryonic life until they approach constancy at near adult values one day after birth. Constancy of total dyadic membrane area per unit myofibrillar volume during neonatal cell growth confirms that the membrane area of the activating system and the volume of myofibrils to be activated accumulate in a constant proportion. Circ Res 48: 519-522, 1981
EXCITATION-CONTRACTION coupling in striated muscle is thought to require the release of calcium ion (Ca 2+ ) from terminal cisterns (TC) of the sarcoplasmic reticulum (SR) (Endo, 1977; Fabiato, 1975, 1977) . In mammalian ventricular myocardial cells, that portion of the TC membrane nearest the plasmalemma forms a dyadic junction with the plasmalemma (Sommer and Johnson, 1979) . This portion of the SR membrane has a unique internal structure which is presumably implicated in Ca 2+ release. We recently have investigated the distribution, surface density, and membrane area of dyadic junctional membrane in ventricles of mature rabbits, rats, and mice by applying morphometric techniques to electron micrographs of thin sections. This study revealed that in fully developed myocardial cells most of Ca 2+ release must originate from TC associated with T-tubular plasmalemma, because both the surface density and total membrane area of dyadic complexes are 4-to 6-fold greater in the T-system than at the external plas-malemmal envelope (Page and Surdyk-Droske, 1979) .
In myocardial cells of embryonic and neonatal mammalian ventricles, the T-system is either absent or poorly developed (Schiebler and Wolff, 1966; Page et al., 1974; Ishikawa and Yamada, 1975; Legato, 1979) . During these early stages, the dyadic couplings therefore must be localized exclusively beneath the external plasmalemmal envelope. Fabiato and Fabiato (1978) have described striking changes in Ca 2+ -stimulated release of Ca 2+ from the SR of rat ventricular myocardial cells obtained from hearts between 2 days before birth and shortly after birth. During this interval, both the cellular concentration of myofibrils (Smith and Page, 1977) and the isometric tension developed by rabbit ventricles (Hoerter, 1976 ) also increase steeply.
The development of the amount of the SR membranes implicated in Ca 2+ release is one of the unknown variables involved in these physiological changes. In this paper we report measurements on the changes in membrane areas of dyadic complexes which TC and plasmalemma form with each other in the rabbit left ventricular myocardial cells before and during the development of the T-system. These measurements also have permitted us to examine to what extent the constant proportionality between SR membrane area and myofibrillar volume which is characteristic for normal and abnormal growth of myocardial cells (Page and McCallister, 1973; Page et al., 1974; Page, 1978) holds while myofibrils are accumulating rapidly during late embryonic and early neonatal life (Smith and Page, 1977) .
Methods
Pregnant New Zealand White female rabbits and rabbits aged 12 hours to 20 days were anesthetized with ether. Their hearts were excised, perfused briefly, and then perfusion-fixed on the Langendorff cannula as previously described (Smith and Page, 1977; . The usual primary fixative was an OsO 4 -Na cacodylate solution (pH 7.35) which was isosmolal with plasma (Smith and Page, 1977) ; experiments using primary perfusion fixation with glutaraldehyde in Na cacodylate followed by secondary immersion fixation in OsO-t-Na cacodylate were used to establish that the membrane area or the configuration of the structures to be studied morphometrically did not differ with the two fixation techniques. Primary perfusion with OsO 4 was deemed preferable because of the more uniform fixation achieved, which greatly reduced the amount of material rejected as inadequately fixed. The OsO.i-fixed tissues were prepared for electron microscopy and photographed in the Siemens Elmiskop 1A as described by Stewart and Page (1978) . The tissue examined was the subepicardial myocardium of the left ventricular free wall exclusive of the apex. Morphometry of the dyadic membrane junctions of the SR with plasmalemma was performed as described by Page and Surdyk-Droske (1979) , except that a high-resolution digitizing probe interfaced to a programmed calculator (Ladd Graphic Data Analyzing System, Ladd Research Industries, Inc.) was used instead of intersection counting to determine SESD/SES and STTD/STT, the respective fractions of external sarcolemmal area and T-tubular plasmalemma involved in dyadic junctions. The following additional quantities were derived: the fractions of myocardial cell volume made up of myofibrils (V M F/V ceU ) and of nuclei (Vnuc/Vceu); the membrane area (referred to unit cell volume) of SR membrane forming dyadic junctions with external plasmalemmal envelope (SESD/ V ce u) and with T-tubular plasma membrane (STTD/ Vceii); the total area of SR membrane engaged in forming dyadic junctions referred to unit cell volume ((SESD + S-rTD)/V ce u); the area of SR forming dyadic junctional membrane with external sarcolemmal envelope, referred to unit myofibrillar volume (SESD/VMF); and the total area of SR membrane engaged in forming dyadic junctions referred to unit myofibrillar volume ((SESD + STTD)/V M F)-In obtaining these derived quantities, sampling, stages of magnification, and statistical analysis were as in our previous study (Page and Surdyk-Droske, 1979) .
Results
In Figures 1-3 , the results of measurements on the quantities that are of interest for the develop- Page and Surdyk-Droske (1979) . SESD ment of dyadic junctions between plasma membrane and SR were graphed against days before (-) or after (+) birth and compared with the corresponding quantities for mature or nearly mature rabbits (Page and Surdyk-Droske, 1979 ends for Figures 1-3 also give the mean ± SEM for the measured variables averaged over intervals during which the variable remained sufficiently constant to justify this calculation. We previously have published electron micrographs of dyadic junctions in embryonic rabbit ventricle . T-tubules were rare or absent in electron micrographs of ventricular myocardial cells before birth. T-tubular plasmalemma contributed a negligibly small fraction of total plasmalemmal area until about 10 days after birth. Until about 10 days after birth, dyadic junctions of SR with plasma membrane therefore were confined effectively to the external plasmalemmal envelope ("external sarcolemma," denoted ES). Thereafter, T-tubular plasmalemma contributed progressively larger fractions of total plasmalemmal area. Accordingly, 10 or more days after birth the areas of dyads associated with T-tubules were determined separately from those associated with the external plasmalemmal envelope. The sum of the areas of SR forming dyadic junctions with external plasmalemma and T-tubular plasmalemma was denoted "total dyadic membrane area" or "total dyad" and referred to either unit cell volume (Fig. 2) or unit myofibrillar volume (Fig. 3) . Figure 1 displays the surface densities of dyadic junctions (/im 2 membrane area of junctional SR per jum 2 of plasmalemma) as a function of developmental age. Surface densities have been plotted separately on the same graph for external plasmalemmal envelope and T-tubular plasmalemma. The values for myocardial cells from ventricles of adult rabbits (Page and Surdyk-Droske, 1979 ) are plotted on the extreme right. The figure shows that at the external plasmalemma the surface density of dyadic junctions was low during later fetal life but approached its adult value by the first day after birth. The surface density was much lower at the external plasmalemma than in the T-system. It approached the high values characteristic for the T-system of myocardial cells from adult rabbits by the 12th day after birth. Figure 2 shows the time course of development for the total membrane area of SR involved in dyadic junctions (SESD + STTD) referred to unit cell volume. The contributions of dyads at the external plasmalemma (SESD/V ce u) and T-system (STTD/ V ce u) are graphed separately in the same figure. It is apparent that, 10 or more days after birth, the Ttubular component, S-rrD/Vceu, makes a progressively greater contribution as the T-system develops. By contrast, the membrane area of dyadic junction associated with the external plasmalemmal envelope, S E sD/V C eu, increases during the last week of fetal life, then declines and approaches adult values by the 2nd week after birth. The resultant graph of total dyadic membrane area, (SESD + STTD)/V C eu, is very nearly constant at a mean value of 0.043 ± 0.003 /imVjum 3 between the 1st and 20th days after birth. Because the T-system is as yet incompletely developed at +20 days, and because surface density of dyads is so much greater in the T-system than at the external plasmalemmal envelope ( Fig. 1 . and Page and Surdyk-Droske, 1979), total dyad area at +20 days is still smaller than in ventricular myocardial cells of adult rabbits. Figure 3 shows the time courses of the cellular concentration of myofibrils (V M F/V ce u) and of the total dyad area per unit myofibrillar volume (SESD + STTD)/V M F. The figure confirms the neonatal increase in myofibrillar concentration previously described by Smith and Page (1977) . Thereafter, the values of V M F/V ce n continued to exceed the prenatal values and to approach the value for cells from adult rabbits. At the same time, the total area of dyad per unit myofibrillar volume rose to values comparable to those for adult hearts by 1 day after birth, and remained at near-adult levels thereafter.
FIGURE 1 Surface density of dyadic junctions between SR and plasma membrane as a function of developmental age (days before (-) and after (+) birth). Filled circles: surface density at external plasmalemmal envelope; unfilled circles: surface density at T-tubular plasma membrane. Adult values in this and subsequent figures from
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Surface Density of Dyads
This study has shown that from the incipience of the nascent T-system the surface density of dyadic junctions between SR and T-tubular plasmalemma greatly exceeds that between SR and external plasmalemmal envelope. The same difference was observed previously in ventricular myocardial cells of adult mammals (Page and Surdyk-Droske, 1979) .
Our results bear on the interpretation of developmental changes in Ca 2+ -stimulated Ca 2+ release reported for embryonic and neonatal rat ventricle by Fabiato and Fabiato (1978) . These investigators studied "skinned" cardiac cells obtained from ventricles 2 days before birth, as well as 2 days and 10 days after birth. When the external plasmalemmal envelope was removed, no evidence of Ca 2+ -induced Ca 2+ release was observed in skinned ventricular VOL. 48, No. 4, APRIL 1981 myocytes obtained 2 days before birth; 2 days after birth, cyclic contractions characteristic of Ca 2+ -induced Ca 2+ release could be demonstrated, a change which the authors attributed to "the sudden maturation of the Ca 2+ transport by the SR around birth." In this paper, our ultrastructural measurements have been limited to developing rabbit ventricles, and we have not examined rat ventricle. However, T-tubules are also absent from left ventricular myocardial cells of embryonic and 2-to 10-day-old rats (Page et al., 1974) . The failure of Ca 2+ to elicit Ca 2+ release in skinned myocytes from embryonic rats two days before birth therefore might be attributed simply to the absence of Ttubular dyads, since TC beneath the external plasmalemmal envelope would be removed during "skinning." Assuming that the external plasmalemmal envelope was removed completely during skinning, how might one explain the Ca 2+ -induced Ca 2+ release which Fabiato and Fabiato detected in skinned ventricular myocytes from 2-day-old rats whose cells also lack a T-system? One possibility is that the membrane of portions of the SR which are destined to become TC is already capable of mediating Ca 2+ -induced Ca 2+ release even before it becomes associated with T-tubular plasma membrane to form a dyad. Alternatively, at the pre-Ttubular stage of myocyte development, the loci capable of responding to a rise in cytoplasmic Ca 2+ concentration by inducing Ca 2+ release may be distributed more widely in the SR than after T-tubular development. Whether or not Ca 2+ -induced Ca release or another mechanism (Endo and Kitazawa, 1978) is responsible for myofibrillar activation under physiological conditions is a separate issue which is not answered by the measurements of this paper.
Coordinated Development of SR Membrane and Myofibrils
The constancy of the ratio of dyadic membrane area to myofibrillar volume during a developmental interval characterized by rapid accumulation of new myofibrils (Fig. 3) indicates that dyadic SR membrane area and myofibrillar volume were added in a constant proportion as the myocardial cells grew. As previously discussed (Page and Surdyk-Droske, 1979) , dyadic membrane area is roughly half of TC membrane area. TC membrane area, in turn, probably bears a constant relation to the area of nonjunctional SR. The present observations thus extend to the prenatal and neonatal periods the previously noted constant proportionality between the area of the membrane control system for myofibrillar contractile activation and the volume of the organelle (the myofibrils) which it controls (Page and McCallister, 1973; Page et al. 1974; Page, 1978) .
